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Porous silicate-ferropseudobrookite composite material manifesting the properties of a ceramic n -type semi¬ 
conductor has been synthesized by vacuum-heat treatment of ilmenite - leucoxene concentrate modified by 
additions of magnesium oxide. The micro structure and the chemical and phase compositions are described, 
and the mechanical and electrophysical characteristics of the material obtained are investigated. 
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The commercial application of technologies for high- 
temperature treatment of ilmenite - leucoxene concentrates 
is limited at the present time mainly by the production of tita¬ 
nium slags, which in turn are used in the production of 
sponge titanium and pigment titanium dioxide. It is evident 
that the use of titanium raw material is by no means ex¬ 
hausted by this and scientific - innovative research in this 
field is topical. Specifically, we have studied the possibility 
of using ilmenite - leucoxene concentrate as an initial raw 
material for obtaining functional ferrotitanate materials. 

For more than 100 years iron titanates belonging to the 
pseudobrookite series with the general formula F + x Ti 2 _ Y 0 5 
(0 <x < 1) have been a subject of persistent interest of spe¬ 
cialists in such fields as the science of mineralogy, solid-state 
chemistry and physics, metallurgy, and materials science. 
Active investigations by means of x-ray and neutron diffrac¬ 
tion, EPR, and Mossbauer spectroscopy have established 
their structural characteristics and made it possible to study 
their properties and determine the possibility for practical ap¬ 
plications. Thus, the prospects for using such compounds in 
the production of materials for radio electronics look very 
promising. Iron titanates possess the properties of magnetic 
semiconductors and in recent years they have been attracting 
the attention of researchers as a base for radiation-resistance 
magneto-electronic and spintronic devices [1 - 3]. 

There are various known methods of synthesizing pseu¬ 
dobrookite type compounds [4-7], including with the use of 
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mineral raw materials. Given a flexible production routines, 
making it possible to adapt technological processes to con¬ 
crete raw materials taking account of their individual charac¬ 
teristics, the latter have obvious technical-ecological advan¬ 
tages. The main problems in such cases are due to the resolu¬ 
tion of questions concerning the reproducibility and stability 
of the operating characteristics of the final product. 

Ilmenite - leucoxene concentrate obtained by electro¬ 
magnetic extraction of the ore component from placers at the 
Pizhenskoe titanium deposits (Republic of Komi) was used 
as the initial material. Separation was performed manually 
using an MRM-1 (TU 41-04.956-82) mineralogical magnet. 
X-ray fluorescence and x-ray diffraction analyses of the il- 
menite-leucoxene concentrate showed the presence of rutile 
(32% 3 ), anatase (3%), quartz (30%), and ilmenite (35%). 
The crystalline structure of the latter is strongly distorted; 
this is manifested in considerable broadening and shift of the 
diffraction peaks. The authors of [8] attribute this state of il¬ 
menite to a transformation of its structure during leucoxe- 
nization. 

Ilmenite-leucoxene concentrate, ground and homoge¬ 
nized beforehand, was mixed with modifying additives: 
MgO — 6.0 wt.% and Mg 3 (B0 3 ) 2 — 0.5 wt.%. Cold- 
pressed briquettes of modified ilmenite - leucoxene concen¬ 
trate (MILC) were heat-treated in a vacuum electric furnace 
in a continuous heating regime to 1200°C at rate 300 K/h 
and soaking time 1 h at the maximum temperature. 

The physical-mechanical tests performed on the samples 
obtained included hydrostatic measurement of the apparent 

Here and below — the molar content unless otherwise stated. 
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Fig. 1. Photomicrograph (LOMO) of ferropseudobrookite material 
obtained by vacuum-heat-treatment of MILC: A (light grains)] 
ferropseudobrookite phase; B (grey region)] silicate phase; C (black 
region)] pores. 

density and porosity of the materials as well as a determina¬ 
tion of the strength under three-point bending. The chemical 
and phase compositions of the samples were checked by 
x-ray fluorescence spectroscopy (Horiba MESA-500W) and 
x-ray diffractometry (Shimadzu XRD-6000). The full-profile 
analysis of the x-ray diffraction patterns was performed with 
the program POWDER CELL v. 2.4 [9] and the ICSD data 
base [10]. The microstructure of the materials was investi¬ 
gated by optical microscopy (LOMO Polam R-312), scan¬ 
ning electron microscopy, and energy-dispersive microprobe 
analysis (Jeol JSM-6400). The electrophysical properties of 
the samples were studied by impedance-spectroscopy using a 
measurement facility based on am MT4090 ac current 
bridge. Thermo-emf measurements were performed by the 
potentiometric method, using a B7-34A voltmeter, in the 
temperature interval from 20 to 200°C. 

A series of chemical and phase transformation occur dur¬ 
ing heat-treatment of MILC. One of the main processes is 
high-temperature interaction of ilmenite FeTi0 3 and rutile 
Ti0 2 , which for an equimolar ratio of the reagents results in 
the formation of ferropseudobrookite FeTi 2 0 5 [11 - 14]: 

FeTi0 3 + Ti0 2 ^ FeTi 2 0 5 . 

Provided that stoichiometry is maintained, this reaction 
is reversible but the presence of oxide impurities, specifically 
MgO, in the system promotes stabilization of the crystal 
structure of ferropseudobrookite [11]. This effect is often 
seen in geo- and cosmochemical processes [5, 15]. 

The behavior of the silicate component is important for 
heat-treatment of MILC. At high temperatures quartz melts, 
forming on cooling a glass phase which promotes sintering 
of the material. 

Thus, during heat-treatment of MILC synthesis of the 
composite material consisting of semiconducting (ferro¬ 
pseudobrookite) and dielectric (silicate) phases occurs as a 
result of the processes named above. 

Optical microphotography and electron-microscopic im¬ 
ages of a polished section of the material studied are pre¬ 
sented in Figs. 1 and 2. The main elements of the microstruc- 



Fig. 2. Electron-microscopic images (Jeol) of the microstructure of 
material obtained by vacuum-heat-treatment of MILC. The elemen¬ 
tal composition of the phases according to the data from energy- 
dispersive microprobe spectroscopy (at.%): 1 ) 21.0 Ti, 8.8 Fe, 3.6 
Mg, 0.7 Al, 0.4 Mn, 65.5 O calc (ferropseudobrookite); 2) 20.6 Si, 
2.3 Al, 1.8 Ti, 1.7 Fe, 1.7 K, 71.8 O calc (silicate phase); 3 ) 21.4 Ti, 
8.6 Fe, 4.1 Mg, 0.8 Al, 0.3 Mn, 64.7 O calc (ferropseudobrookite); 
4) 16.3 Si, 14.9 Mg, 2.6 Fe, 0.6 Mn, 0.5 Al, 0.4 Ti, 64.7 O calc (sili¬ 
cate phase); 5) 10.8 Si, 5.8 Al, 4.1 Fe, 1.8 Mg, 1.2 Mn, 0.9 Ca, 
0.7 K, 74.6 O calc (silicate phase); 6) 20.4 Mg, 12.3 Si, 5.2 Fe, 
0.8 Mn, 0.6 Al, 0.1 Ti, 60.6 O calc (silicate phase). 

ture are ferropseudobrookite grains reaching 10 im in size, a 
silicate phase uniformly filling the intergrain space, and 
pores ranging in size from several to hundreds of microns. 
The open porosity of the material measured by the hydro¬ 
static method does not exceed 10% but the level of the closed 
porosity is much higher. The apparent density of the material 
is 3.33 g/cm 3 . 

The size of the ferropseudobrookite grains (point 1 and 3 
in Fig. 2) varies from 1 to 100 pm, and the chemical compo¬ 
sition of expressed by the statistical-average formula 
Fe 0 75 Ti 18 Mg 0 35 Al 0 0 5 Mn 0 05 O 5 . The magnesium, aluminum, 
and manganese impurities do not contribute substantial dis¬ 
tortions in the geometry of the crystal lattice of ferropseudo¬ 
brookite, which possesses orthorhombic symmetry, belongs 
to the space group Cmcm, and possesses the following 
unit-cell parameters (nm): a = 0.37367, b = 0.97676, and 
c= 1.00157. 

According to x-ray fluorescence and x-ray diffraction 
analyses the amount of ferrotitanate in the products of 
heat-treatment of MILC is about 70%. The remaining vol¬ 
ume is filled with a silicate phase (points 2, 4 - 6 in Fig. 2). 
The amount of protoenstatite MgSi0 3 and quartz a-Si0 2 
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TABLE 1. 


Element 

Ilmenite - leucoxene 

concentrate 

Product of vacuum-heat 
treatment of MILC 

content, wt.% 

content, at.% 

content, wt.% 

content, at.% 

Ti 

52.43 

49.1 

46.91 

41.7 

Fe 

28.63 

22.7 

29.44 

22.6 

Si 

12.38 

19.6 

11.68 

17.9 

A1 

3.43 

5.8 

2.15 

3.4 

Mn 

2.01 

1.8 

1.78 

1.3 

K 

0.57 

0.7 

0.52 

0.6 

Zn 

0.19 

0.1 

— 

— 

Ca 

— 

— 

0.16 

0.2 

Sr 

0.22 

0.1 

0.11 

<0.1 

Nb 

0.10 

<0.1 

0.08 

<0.1 

Zr 

0.04 

<0.1 

0.05 

<0.1 

Y 

— 

— 

0.04 

<0.1 

Mg 

— 

— 

7.08 

12.3 


does not exceed 6% and 4%, respectively, and the most of 
the silicate phase is in a cryptocrystalline or amorphous state. 

The normalized atomic composition (neglecting the light 
elements) of the initial ilmenite-leucoxene concentrate and 
its thermal conversion products, as represented in the data 
obtained by quantitative x-ray fluorescence analysis, are pre¬ 
sented in Table 1. The x-ray diffraction pattern of the mate¬ 
rial obtained as a result of vacuum heat-treatment of MILC is 
presented in Fig. 3. 

Despite its high porosity the mechanical characteristics 
of the material obtained are good. Specifically, the limit of its 
bending strength is 100 - 130 MPa. 

An investigation of the electrophysical properties estab¬ 
lished that the material is an n -type semiconductor. The 
Seebeck constant at 100-200°C is negative and equals 
0.41 mV/K in absolute magnitude. The conductivity of the 
material depends weakly on the frequency of the current and 
strongly on the temperature. The activation energy is 0.206 - 
0.216 eV at temperatures below 250°C and 0.429 - 0.435 eV 
at higher temperatures, which is in quite good agreement 
with the known properties of iron titanates [3]. The tempera¬ 
ture dependence of the conductivity presented in Arrhenius 
coordinates is shown in Fig. 4 a. 

In the course of the electrophysical tests substantial 
changes in the characteristics of the material were observed 
with each successive measurement cycle — its conductivity 
and electric capacitance decrease gradually (Fig. 4 b). The 
degradation of the conductivity is probably due to a decrease 
in the number of oxygen vacancies and, in consequence, a 
decrease of the mobility of oxygen ions. It was established 
that a thermal load on the material under the conditions of 
the air atmosphere causes its surface layer to oxidize, which 
is seen visually as the appearance of faint brown tint, indicat¬ 
ing the presence of ferri ions. 
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Fig. 3. X-ray diffraction pattern of ferropseudobrookite material 
obtained as a result of vacuum-heat-treatment of MILC: Pen) proto- 
enstatite; Qtz) quartz. 
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Fig. 4. Logarithm of the conductivity of samples versus the recipro¬ 
cal of the temperature for current frequency 120 z ( a ) and electric 
capacitance of the samples versus the temperature at current fre¬ 
quency 10 kHz (b ): 1 ) first cycle of the measurements (performed 
on the first day after synthesis); 2 ) second cycle of the measure¬ 
ments (performed three days after synthesis); 3 ) third cycle of the 
measurements (performed six days after synthesis); 4 ) fourth cycle 
of the measurements (performed 16 days after synthesis). The mea¬ 
surements were performed on 20 mm in diameter and 4 mm thick 
cylindrical samples. 

The technological principles of the thermochemical con¬ 
version of the mineral titanium raw material are extremely 
simple, easily adaptable to production possibilities of mi¬ 
ning-enrichment and reprocessing enterprises, and can serve 
as a basis for organizing small-tonnage production of ferro- 
titanate materials. 

Porous silicate-ferropseudobrookite composite was syn¬ 
thesized as a result of the vacuum heat-treatment of the il¬ 
menite - leucoxene concentrate modified by additions of 
magnesium oxide. Because of its combination of mechanical 
and electrophysical properties the material has wide prospec- 
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tive applications in electric technology. The fact that high 
heat loads under oxidative conditions degrade the operating 
properties of the composite material must be taken into ac¬ 
count. 

We wish to thank our colleagues S. T. Neverov and 
V. N. Filippov at the Institute of Geology at the Komi Science 
Center of the Ural Branch of the Russian Academy of Sci¬ 
ences for assisting in the analytical work. 
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